Segmented ionization chambers represent a good solution to monitor the position, the intensity and the shape of ion beams in hadrontherapy. Pixel and strip chambers have been developed for both passive scattering and active scanning dose delivery systems. In particular, strip chambers are optimal for pencil beam scanning, allowing for spatial and time resolutions below 0.1 mm and 1 ms, respectively. The MATRIX pixel and the Strip Accurate Monitor for Beam Applications (SAMBA) detectors are described in this paper together with the results of several beam tests and industrial developments based on these prototypes.
Introduction
The online assessment of the intensity, the position and the shape of clinical beams is of paramount importance in hadrontherapy for an optimal beam delivery. In particular, this is crucial in the last part of the path of the accelerated ions, just before they enter the patient's body. Excellent detectors are therefore needed to monitor the amount and the spatial distribution of the delivered dose and several solutions have been developed in the last years. In the case of passive spreading, the beam is usually controlled by means of coarse segmented planar ionization chambers.
1 They usually cover the cross-section of the clinical beam and are subdivided in about 10 circular or pad electrodes. In the case of active scanning, more precision is needed and solutions based on multi-wire proportional chambers have been developed.
2,3
These devices are used not only for online monitoring but also to apply corrections during the irradiation by means of an appropriate feedback system. Furthermore, clinical beams have to be controlled also along beam transfer lines and solutions based on secondary emission of electrons have been recently developed. 4, 5 As a common feature, an optimized detector must be conceived in order to minimize scattering effects, which worsen the performances of the ion beam.
An innovative solution is represented by highly segmented pixel or strip ionization chambers, able to provide spatial information and to measure the fluence at the same time. If the electrodes are made very thin, scattering effects can be minimized. For more than ten years, the TERA Foundation, the Physics Department of the University and the Italian National Institute for Nuclear Physics (INFN) in Turin have been collaborating to develop detectors of this kind which lead to clinical applications and to industrial developments. Segmented ionization chambers originated by this collaboration are presently daily used in hospital based hadrontherapy centers as the Centro Nazionale di Adroterapia Oncologica (CNAO) in Italy, the Centre de Protontherapie d'Orsay (CPO) in France and the Proton Therapy Centre at the Paul Scherrer Institute (PSI) in Switzerland. In this review paper, two prototype detectors will be described in detail together with the most recent industrial developments.
The MATRIX and SAMBA Detectors
The MATRIX 6 and the Strip Accurate Monitor for Beam Applications (SAMBA) 7, 8 segmented ionization chambers have been designed, constructed and tested to monitor hadrontherapy clinical beams. They are filled with air and segmented in pixels and in orthogonal strips, respectively. SAMBA was specifically developed for the Gantry 2 at PSI, where it is currently in use. Due to the absence of multiplication, ionization signals produced by low intensity therapeutical beams have to be collected and treated by a dedicated sensitive electronics and read-out system. In case of fine segmentation, this problem is enhanced by the fact that each strip or pixel sensor necessarily detects only a fraction of the ionization produced inside the fiducial volume of the detector. To better describe this problem, let us consider the proton therapy beam used at the PSI. The dose is delivered by spots of variable temporal length depending on the amount of dose to be delivered. The intensity can be varied from 0.2 nA to 2 nA. A typical situation is represented by an average current of 0.2 nA with spots of 5 ms, corresponding to a total of about 6 × 10 6 protons per spot. In an ionization chamber with a gap d between the two electrodes, the gain factor G represents the average number of electron-ion pairs produced by one single proton traversing the chamber. The gain factor is given by
where W is work function, the average energy to produce an electron-ion pair. For dry air, W is 35 eV. Considering a planar ionization chamber operating in air with d of 1 cm and a beam energy of 160 MeV, the total charge of 150 pC is produced by each spot. Due to the segmentation of the detector, charges down to 10 pC have to be measurable with a good precision.
For the read-out of segmented ionization chambers, the TERA Foundation, the Physics Department of the University and the INFN in Turin developed specific very large scale of integration (VLSI) chips. The chip used for MATRIX and SAMBAdenominated TERA06 -has 64 independent channels based on a recycling integrator architecture. Each channel is equipped with a 16-bit digital counter and is connected to one strip or pixel of the detector. The collected charge is continuously integrated by a capacitor of 0.6 pF. When the voltage of the capacitor is larger than a programmable threshold value, the capacitor is discharged by the injection of pre-defined quanta of charge. In this way, the collected charge is measured by counting the quanta of charge needed to bring back the voltage of capacitor under threshold. The use of recycling integrators allow reducing dead time effects to a negligible level. The sensitivity of the measurement can be adjusted by varying the quantum of charge in the range between 100 fC and 800 fC. The maximum read-out frequency of 5 MHz limits the maximum current of each channel to 4 μA. For this chip, the linearity of the measurement of the charge was measured to be better than 1% in the full range of operation and the noise to be the less than one count per channel per second. The tested minimum read-out time for one channel was of 1 μs.
The data acquisition (DAQ) systems of MATRIX and SAMBA 9 are based on specifically designed TERA06 boards, each hosting two TERA06 chips and capable to handle 128 channels in total. For the measurements presented here, the maximum sensitivity of 100 fC was chosen for the quantum of charge, which corresponds to 100 counts for a total collected charge of 10 pC.
The structure of MATRIX is shown in Fig. 1 and is based on five successive fiberglass frames. The external ones are equipped with glued mylar foils which allow to maintain the planarity of the internal cathodic and anodic electrodes in case a gas is used at non-atmospheric pressure. The sensitive volume of the detector corresponds to the air gap between the anode and the cathode foils. This gap can be easily changed by substituting the spacer. A gap of 5 mm was chosen, which for a bias voltage of 400 V gives an electric field of 800 V/cm in the sensitive volume.
The gap and the applied electric field determine the collection time of the electrons and of the ions. The drift velocity v is given by
where μ is the charge mobility, the electric field and p the pressure of the gas filling the sensitive volume. The mobility in air is of the order of 10 −4 m 2 atm/Vs for ions and about 1000 times larger for electrons. In this way, collection times of the order of 1 ms and 1 μs are obtained for ions and electrons, respectively. Since these detectors are based on the measurement of the negative charge collected by the segmented anodes, the timing characteristics are well suited for spot scanning where the duration of a spot is of the order of a few milliseconds.
The anode and cathode foils are glued to the respective frames by means of a specific procedure able to guarantee a good planarity. MATRIX has a sensitive area of 21 × 21 cm 2 subdivided in 32 × 32 pixels of 6.5 × 6.5 mm 2 . The 1024 pixels are read-out by 8 TERA06 boards. The anodic electrode was manufactured at CERN using techniques derived from the construction of printed circuit boards (PCBs). In order to minimize the amount of material traversed by the beam, the electrode is made of a thin 50 μm kapton foil, with a deposition of 17 μm copper on each side. Aluminum depositions are at present under study to allow for an even lower amount of material. In the case of hadrontherapy, simulations show that negligible effects are produced to the beam as far as the dose distribution is concerned using both copper or aluminum. To minimize noise effects, the sensitive area of the anode is surrounded by a guard ring kept at the same potential as the pixels. The other side of the anode foil contains the pixel-pad connections used to transport the signals to the read-out electronics. The anode and the fully assembled MATRIX detector are shown in Fig. 2 . Tests of the detector were first performed by X-ray irradiation in order to verify the correct operation of all the pixels and of the corresponding read-out chains. MATRIX was also tested with passive scattering clinical beams at the Loma Linda University Medical Center in California, as shown in Fig. 3 . In Loma Linda, the measurement campaign 6 was focused on the monitoring of several two-dimensional (2D) maps of clinical fields ( Fig. 3(right) ) and on the pixel-bypixel inter-calibration procedure. beam was measured by interposing successive layers of water equivalent absorbers between the nozzle and the chamber. The range in water was estimated to be 154 mm in good agreement with the simulation and with previous measurements performed in Loma Linda. The effects of the exit window of the accelerator and of the material of the propeller present in the nozzle were taken into account. The total counts of the chamber were measured also with additional 10 mm water equivalent material with respect to the Bragg peak position. In this way, the effect of the dose produced by neutron induced recoil protons can be put in evidence. A clear signal was observed and the total counts were estimated to be about 0.1% of the maximum corresponding to the Bragg peak, in agreement with previously performed measurements with the same beam and with data reported in Ref. 10 . The read-out speed of 2 ms for the full chamber was reached, an essential feature for its use with active scanning systems. The Gantry 2 11 at PSI was conceived to be both a clinical and a research tool. In particular, it was designed to develop novel scanning modalities by means of a parallel pencil beam spanning a 2D area of 20 × 12 cm 2 . Spots of 8 mm FWHM and a beam intensity ranging from 0.2 nA to 2 nA are used. The temporal length of one spot and the temporal distance between successive spots are both of the order of a few milliseconds. For this dose distribution technique, the precise and fast determination of the position of each spot represents the most important information that an online monitoring detector has to provide. To accomplish this task, a strip ionization chamber is surely more appropriate than a pixel detector since the lower number of channels to be read-out allows for a higher detection speed. Furthermore, strips can be made smaller with respect to pixels giving a higher resolution on the determination of the centroid of the spot. Using two orthogonal strip chambers, the positions and the projections of all the delivered spots can be measured and stored. If needed, the 2D map of the clinical beam can be reconstructed at a later stage, since negligible shape variations are expected between different spots.
The SAMBA detector was designed for the online monitoring of the Gantry 2 and consists of two strip ionization chambers, as shown in Fig. 4 . SAMBA is composed by two chambers (denominated T and U , according to the notation used for the Gantry 2) with the anodes segmented with 2 mm strips. The two chambers are orthogonal to each other and cover a sensitive area of 25.6 × 17.6 cm 2 . The chambers U and T have 128 and 88 strips, respectively. This is due to the choice of having the same strip width, and therefore the same spatial resolution, for the two chambers. Each chamber is read-out by one TERA06 board. 9 For the board corresponding to the T chamber, 40 channels are not connected to any strip and can be used to monitor the noise in the TERA06 chip. The two chambers operate in air and, to increase the gain with respect to MATRIX, a gap of 10 mm was chosen. The fiberglass frames and the anodes are manufactured with the same technology used for MATRIX. To minimize the amount of material traversed by the beam, a single two-sided aluminized cathode is located in the middle of the two sensitive volumes. The two anodes are connected to the ground potential. A bias voltage of −800 V is applied to the cathode to obtain an electric field of 800 V/cm used to collect the charge produced by ionization.
For the beam tests of the SAMBA detector, the Gantry 1 at PSI was used, as shown in Fig. 5 . This apparatus is able to sweep the beam magnetically only in one direction and 2D spot scanning is realized by combining the magnetic sweep with the mechanical movements of the patient's table. The beam energy was set to 160 MeV.
Several measurements were performed to test the timing and dose response of SAMBA. One of those is reported in Fig. 6 , where a series of 9 spots of a duration of 5 ms and with a temporal separation of 5 ms was directed towards the center of the detector. The average current in the flat top of the spots was set to 0.2 nA. The signal due to the spots is well visible over a negligible background. The total intensity presented in Fig. 6 is measured as the sum of all the counts in the U and in the T chambers, respectively. The results of the two chambers are consistent within the statistical fluctuations. The average value of the flat top is found to be 37 counts (3700 fC) for temporal distance between two successive read-out procedures of the two chambers of 120 μs. Once the gain is taken into account, the average current was measured to be 0.20 ± 0.03 nA, in good agreement with the setup value of 0.2 nA. The obtained total read-out time of 120 μs is suitable for spot scanning. This value can be reduced to about 25 μs using a specific fast DAQ system. Single spots are measured by examining the signal in the strips, as reported in Fig. 7(left) . The shape of the projection of the spots can be fitted with a Gaussian function either for the T or for the U chamber. As normal for a particle beam, the Using the sweeping magnet, series of spots producing lines in the U direction were measured, as reported in Fig. 7(right) . Here, 33 spots separated by 5 mm were used to produce a 16 cm long flat dose distribution. The difference between the measurements of the total collected charge performed by the two chambers was measured to be less than 1%. The repeatability of the measurement was estimated to be better then 0.4% by repeating the full procedure five times. The modest and repetitive up and down behavior between adjacent channels is due to a slight different gain of the amplifiers located on different sides of the TERA06 chip, as shown in Fig. 7(right) . This effect is of the order of 1%. Once a calibration procedure was applied, the flatness of the dose distribution was measured to be better than 0.6%, well within the therapeutic requirement of 2.5%.
The T and U positions of the centroids of all the spots composing the flat linear dose distribution of Fig. 7 (right) were measured by performing Gaussian fits. The results are shown in Fig. 8(left) . The measurement shows a good linearity. A modest deviation of about 2 mm with respect to the table in the T direction was determined. This effect was known and due to a modest misalignment of the 90
• magnet of the gantry with respect to the table. Furthermore, 250 μm deviations from the linearity were observed at the edges due to non-linearities of the 90 • magnet. Although with a worse precision, these effects were known since the commissioning of the Gantry 1. It has to be remarked that these small effects have a negligible clinical impact. By using both the magnetic and the mechanical movement of the table, square flat distributions were measured, as reported in Fig. 8(right) . Here, 21 × 21 spots at a nominal distance of 5 mm in the T and in the U directions form a square of 10 × 10 cm 2 . To evaluate the precision on the positioning of the 441 spots with respect to a given grid, the minimum of the residual function were calculated on the basis of the model chosen for the grid. To describe the grid, the spot-to-spot distances ΔT and ΔU and the tilt angle due to the 90
• magnet were left as free parameters. By means of this procedure, the best grid was found to have 4.94 mm and 4.95 mm for ΔT and ΔU , respectively, very close to the nominal values of 5 mm. The 2D mean distance between the measured positions and the corresponding points on the grid was determined to be 90 μm. It has to be noted that these values are remarkably precise if compared with the precision on the alignment of the patient which is of the order of one millimeter.
The SAMBA detector allows to precisely monitor the shape of the spots online. As shown in Fig. 9 , the standard deviation of the spots was measured for the flat linear dose distribution of Fig. 7(right) . These measurements show a clear increase of the width in the T direction of about 20% from the first to the last spot while a decrease of the same amount was observed in the U direction. These results clearly put in evidence the rotation of the ellipse representing the 2D projection of the beam spot in the U -T plane due to dynamic effects induced in the beam when passing through the magnetic field of the 90
• bending magnet.
To evaluate the linearity of SAMBA in the measurement of the delivered dose, a comparison was performed with respect to the standard system used to assess the dose in the Gantry 1. With this apparatus, the dose is measured in terms of monitoring units (MUs) by means of a planar ionization chamber located upstream. A MU corresponds to about 7000 protons. A series of spots of increasing temporal length, and therefore of increasing dose, was measured. The total counts of the two chambers were compared with the dose given in terms of MUs. The results for one of the chambers are reported in Fig. 10(left) . A very good linearity was found, demonstrating the capability of SAMBA to measure the delivered dose.
Following this result, the Bragg peak distribution of a 138 MeV pencil beam was measured by interposing the water equivalent PMMA layers of the range shifter Fig. 10 . The total counts measured by SAMBA show a good linearity with respect to the MUs used to measure the delivered dose at PSI (left). The Bragg depth-dose distributions measured by SAMBA is compared with the reference data used for the QC at PSI (right).
Segmented ionization chambers for hadrontherapy
of the Gantry 1. Each layer corresponds to 2 mm of water. The data for the two chambers are reported in Fig. 10(right) . For the range in water, the value of 133 mm was measured in good agreement with the simulation and with measurements performed with other methods. The Bragg distribution is compared in Fig. 10(right) with the reference data daily used at PSI for the quality control (QC) procedures. A good agreement is found and one can conclude that SAMBA represents a powerful instrument for QC procedures in proton therapy.
Using SAMBA, a much faster QC procedure can be implemented. It has to be noted that the standard procedure implies the use of an ionization chamber dosimeter operating inside a water phantom that has to be installed and then removed in the treatment room before the beginning of the treatments. Measurements are taken at different depths by means of a quite time consuming procedure. On the other hand, SAMBA is able to measure the reference Bragg peak distribution in less than one minute and does not require the installation of any supplementary equipment.
Effects due to charge recombination were also studied by changing the current upstream of the Gantry 1. Spots with total flat top currents of 0.2 nA, 0.4 nA and 0.6 nA were measured. For the same amount of MUs, i.e. for the same amount of protons traversing the detector, the total counts measured by SAMBA were found to decrease of 0.3% and 0.6% for 0.4 nA and 0.6 nA, respectively, when compared to the standard intensity of 0.2 nA. From these measurements, one can conclude that the effects due to charge recombination are negligible, once the flat top current is set and only the modest usual fluctuations of the beam intensity occur during proton therapy treatments.
The development and the tests of the MATRIX and SAMBA detectors demonstrate that pixel and strip segmented ionization chambers, alone or in combination, can be fruitfully used for the control of the clinical beams in hadrontherapy facilities, especially in the case of active beam scanning dose distribution systems. In particular, the SAMBA detector is presently used for routine quality assurance (QA) at strip x i strip x i+1 strip y i strip y i+1 
PSI.
12 On the basis of the experience gained with these two detectors, an industrialization phase followed, as described in the following section.
Further Industrial Developments
The experience and technical know-how acquired by the TERA Foundation, INFN and University of Torino, allowed developing ionization chambers, which integrate both pixel, integral and strips sensors, customizable in sensitive area and resolution. Furthermore, the same technology was applied to design QA devices by the Turin University spin-off, DE.TEC.TOR. Devices and Technologies Torino. These devices (miniQ and QUBE) are specifically designed to optimize the daily dosimetry procedures in clinical facilities.
The miniQ system is conceived as a stack of ionization chambers that allows evaluating the beam spot center of gravity (c.o.g.) and the 2D profile at the isocenter. It can consists of either pixel or strip ionization chambers (along both vertical and horizontal directions), with customizable resolution and sensitive area. Two additional integral ionization chambers allow obtaining redundant measurements of the beam intensity. The standard version of miniQ is made of 127 strips (1 mm pitch) in both horizontal and vertical directions and two integral chambers. A sketch of the internal structure of the device is shown in Fig. 11(left) . The performances of miniQ-STRIP were tested at the Azienda Provinciale Servizi Sanitari (APSS) in Trento where an IBA PROTEUS 235 cyclotron for proton therapy is installed. The repeatability of the device intensity measurements was assessed by delivering 19 identical spots (160 MeV, 3 MU/spot). A standard deviation σ R < 0.1% is observed in the normalized response of the two integral chambers. This value decreases to 0.06%, if the fluctuations of the beam intensity in the 19 consecutive spots are kept into account. 13 At each spot, the center of gravity along the horizontal and vertical directions is estimated as the weighted sum of the charge collected by each channel in the strip ionization chambers. It is assessed that, with a strip pitch of 1 mm, the spot c.o.g. can be determined with an accuracy < 200 μm (as shown in Fig. 11(right) ). The uniformity of the ionization chambers was tested in order to verify that the intensity is correctly measured on the entire detector sensitive area. The beam was scanned along a grid of 4 × 4 positions with steps of 2.6 cm in both vertical and horizontal directions. The response of the two integral chambers results to be uniform within 3%. However, by quantifying the variation of the beam intensity between the delivered spots, the integral ionization chambers result to be uniform within 1.7%.
13
QUBE is a multilayer ionization chamber, designed to instantaneously evaluate the particle beam depth-dose distribution at different energies and modulations. Both pristine and spread-out Bragg peaks can be determined, with a customizable step resolution (∼ 1.2 mm or ∼ 2.3 mm water equivalent path length (WEPL)), sensitive area and maximum measurable particle range. Developed upon a research study carried out by the PSI, 14 the first industrial prototype developed by DE.TEC.TOR. (called MLIC) was tested and is currently in use at the CPO. It consists of 128 parallel plate ionization chambers stacked in series and simultaneously read-out. In each chamber, 1-millimeter thick aluminum plate is used as beam energy absorber as well as cathode. The total water equivalent depth of the stacked array is about 290 mm with a step of 2.26 mm. The current layout of QUBE is shown in Fig. 12(left) . The performance tests were carried out at CPO 15 with a passive scattered beam at a gantry rotation angle of 270
• . The device was placed at 100 mm with a field size of 70 mm. The depth-dose distribution curve of a 188 MeV proton beam was acquired with MLIC and compared with the measurements performed in a water tank with an IBA CC13 ionization chamber. Results are shown in Fig. 12 data are normalized on the signal acquired at the maximum, corresponding to the Bragg peak. The applied calibration factors are obtained by comparing the MLIC raw data with the depth-dose curve acquired in the water phantom and they are all within 20%. QUBE allows evaluating the beam range with an accuracy of 0.5 mm, as shown in Fig. 13 . The solid curve refers to a maximum energy of 102 MeV, while the dot-dashed curve was obtained with a maximum energy of 102.5 MeV. Both sets of measurements were acquired at the gantry treatment room of CPO.
Conclusions and Outlook
The precise and fast assessment of the intensity, the position and the shape of clinical beams is of paramount importance in hadrontherapy, especially in the case of active beam scanning. To accomplish this delicate task, segmented ionization chambers represent an optimal solution. The development and test of the first prototypes led to their industrialization and to their successful use in many of the most advanced centers worldwide. Hadrontherapy is a domain in continuous evolution, in particular in the treatment of moving organs with active scanning. Along this line, developments in segmented ionization chambers are under way to enhance their precision and fast read-out capabilities.
